Promising cancer immunotherapeutics depend on mobilization of cytotoxic T cells across tumor vascular barriers through mechanisms that are poorly understood. Recently, we discovered that the CXCR3 chemokine receptor uniquely functions as the master-regulator of cytotoxic CD8
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Cancer immunotherapy is enjoying an unprecedented renaissance after decades of unrealized potential. This transformation is fueled by recognition that cytotoxic CD8 C T cells are necessary for the efficacy of conventional cancer treatments (i.e., chemotherapy and radiation), 1 together with promising clinical results for therapeutics that relieve tumor-mediated immune suppression. 2 It is now feasible to ramp up the T cell arm of tumor immunity in patients through vaccination, blockade of immune checkpoints (i.e., cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed death-1 (PD-1)/PD-1 ligand (PD-L1)), or adoptive transfer of billions of patient-derived T cells. 2, 3 However, observations that only a subset of cancer patients experience long-term benefits suggest that additional ill-defined factors limit the efficacy of T cell-based therapies. 2, 3 One open area of investigation centers on the mechanisms that govern the delivery of blood-borne T cells across tumor vascular checkpoints, a physical barrier that must be breached for T cells to deliver lethal hits to tumor targets. Prior correlative studies raised the specter that redundant chemokine receptor/chemokine pairs might participate in T cell extravasation in patient tumors, such as the CXC chemokine receptor CXCR3 (cognate ligands CXCL9/10/11), CC chemokine receptor CCR5 (CCL3/4/ 5), and CCR2 (CCL2). [3] [4] [5] However, the precise function of these individual chemokine receptors during T cell trafficking at the vascular interface has remained obscure since they could alternatively impact intratumoral accumulation by regulating T cell retention, survival, and proliferation in situ. 4, 5 Further clouding this issue are reports that cytotoxic T cells can bypass prototypical chemokine requirements for adhesion within vessel walls during extravasation in non-cancerous tissues. 5, 6 To address the question of chemokine receptor requirements for tumor immunity, our studies focused on CXCR3, CCR5, and CCR2 because of their correlation with T cell accumulation and cancer patient survival. 5 We found that both human and murine cytotoxic CD8 C T cells are equipped with all three functional chemokine receptors. 5 Similarly, human and murine melanoma contain stromally derived chemokines for each of these receptors (CXCL9/10, CCL5, and CCL2) as measured by standard proteomic profiling. 5 We further established using an antibody-conjugated bead-based detection assay that these chemokines are displayed on murine tumor vessel walls, a prerequisite for interactions with circulating T cells 5 ( Fig. 1) . It remains to be determined whether the spatial heterogeneity observed for chemokine distribution in this assay reflects "hotspots" of chemokine availability that create highthroughput hubs for T cell trafficking in tumor vessels.
We used live-imaging microscopy and short-term homing assays to interrogate the chemokine receptor requirements for T cell trafficking in tumors. Visualization of adoptively transferred cytotoxic CD8
C T cells in real-time revealed that signaling through a single chemokine receptor, CXCR3, is indispensable for stable adhesion at the vessel wall in murine melanoma.
5 Surprisingly, loss of CXCR3 or its ligands CXCL9/ 10 blocks T cell trafficking to the same extent as global inhibition of G ai protein signaling by pertussis toxin, while CCR5 and CCR2 are non-essential for homing at tumor sites 5 ( Fig. 1) .
CONTACT Sharon S. Evans sharon.evans@roswellpark.org The requirement for CXCR3 is not unique to adoptively transferred cells as it was also shared by the endogenous T cell pool in murine melanoma. We further showed that CXCR3 dominance is maintained for trafficking of adoptively transferred human CD8 C effector T cells in human melanoma xenografts. 5 Notably, we discovered that expression of Cxcr3 by cytotoxic T cells is absolutely required for tumor control and survival in a preclinical murine model of adoptive T cell transfer therapy, whereas mice treated with Cxcr3-deficient T cells fared no better than untreated cohorts. 5 These studies reveal a unique role for CXCR3 and its ligands in cancer immunotherapy that could not be predicted from genomic or proteomic profiling of the tumor microenvironment. While our data do not exclude a role for CCR5, CCR2, or CXCR3 for accrual of T cells in the tumor parenchyma ( Fig. 1) , these activities are insufficient for therapeutic efficacy in the absence of CXCR3-guided trafficking in the intravascular compartment. 5 The molecular basis for our paradoxical observations that intravascular CCR2 supports intratumoral extravasation of monocytes, but not T cells, must still be explored. 5 Answers to this conundrum may lie in cellspecific usage of post-translationally modified CCL2 within tumors which favors recruitment of immune-suppressive myeloid cells, 3 but could also suggest differential cell-intrinsic regulation of G ai protein signaling. Provocatively, differential expression of negative regulators of G ai protein signaling (e.g., Rgs1) can be found in T cells compared with macrophages which may dictate chemokine receptor sensitivity. 5 Our findings raise the possibility that adjuvant targeting of the CXCR3/CXCR3 ligand axis could be a viable option to C T cell trafficking in the intravascular compartment. CXCR3 engagement by CXCL9/10 triggers firm adhesion to vascular endothelium and subsequent migration into the underlying tumor parenchyma. By contrast, CCR2 and CCR5 are dispensable for T cell extravasation although they, together with CXCR3, could potentially regulate T cell retention, proliferation, or survival in the intratumoral compartment. Altogether, this CXCR3-dependent process allows CD8 C T cells to initiate apoptotic pathways leading to tumor cell destruction. This unique role for CXCR3 suggests that the efficacy of cancer immunotherapy could be enhanced by adjuvant treatments (i.e., chemotherapy, radiation, and dipeptidylpeptidase IV [DPPIV] inhibitors) that boost CXCL10 availability at vascular checkpoints.
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improve cancer immunotherapy (Fig. 1) . It is unlikely that CXCR3 expression will need to be augmented in a therapeutic setting given its uniformly high expression by cytotoxic CD8 C T cells. 5 A benefit may instead come from boosting CXCR3 ligands in the tumor locale to enhance T cell extravasation, thereby overcoming the variability in the chemokine landscape observed among patients. [3] [4] [5] Promising strategies already in clinical use have recently been shown to enhance CXCL10 production in murine tumors including chemotherapeutics and radiation that trigger type I-interferons. 7, 8 Reports of posttranslational inactivation of CXCL10 within tumors by dipeptidylpeptidase IV (DPPIV) suggest that both chemokine function as well as availability are important considerations during therapeutic targeting. 9 However, manipulating the chemokine microenvironment is not without risk. CXCR3 expression by tumor cells is implicated in metastasis 10 while CXCR3 is also expressed by immunosuppressive regulatory T cells and macrophages that accelerate tumor outgrowth. 4, 5 Thus, a major challenge moving forward will be to exploit the antitumorigenic function of CXCR3 in cytotoxic T cells without invoking protumorigenic activities of CXCR3 ligands that unintentionally promote spread from the tumor nidus.
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